and thiopental sodium were studied in 11 dogs. During anesthesia, mean heart rate rose to 185 beats/ min with ketamine and 147 beatslmin with thiopental. Cardiac output was increased with ketamine but unchanged by thiopental.
The maximum first derivative of the left ventricular pressure (dP/dt max) fell by 14% with thiopental but did not change significantly with ketamine. Propranolol resulted in attenuation of the tachycardia and a fall of 10% in dP/dt max with ketamine but had little effect on the response to thiopental.
Phentolamine had no consistent effects on either drug. With pentolinium both drugs decreased dP/dt max. Intracoronary injection of ketamine decreased dP/dt max. Adrenalectomy had little effect on the responses to either anesthetic. The results lead to the conclusion that both ketamine and thiopental have myocardial depressant effects, but, whereas thiopental does not alter sympathetic tone, the depressive effects of ketamine are obscured bv stimulation of v cardiac sympathetic nerves.
ketamine hydrochloride; thiopental sodium; barbiturates; hemodynamics POTENTIALLY DELETERIOUS CARDIOVASCULAR RESPONSES have been associated with virtually all drugs capable of producing general anesthesia. The mechanisms through which these responses occur have not been clear for several reasons. Many animal studies of anesthetics have utilized acute surgical preparations; depression due to the trauma of surgery and to prior anesthesia with a drug other than the one under study make interpretation of such data difficult. Studies of human subjects during surgery have had the disadvantage of insufficient instrumentation for meaningful assessment of cardiovascular phenomena. Perhaps the most important problem has been the difficulty in differentiating the direct effects on the heart and blood vessels from the central nervous system effects that may induce secondary cardiovascular changes.
The purpose of this study was to elucidate and compare the direct and indirect cardiovascular effects of two commonly used anesthetic agents that can be administered intravenously and are extremely brief in duration of action, thiopental sodium and ketamine hydrochloride. Whereas thiopental and other barbiturates have been reported to be myocardial depressants (1, 2, 4, 6), ketamine has been advocated as an intravenous anesthetic agent that does not reduce myocardial contractile force (3, 12). However, on the basis of a recent study in our laboratory, the apparent lack of myocardial depression with ketamine may be due to high levels of sympathetic tone (10) .
Dosages of the two anesthetics that gave comparable levels of anesthesia were injected into chronically instrumented, conscious dogs with and without concomitant administration of autonomic blocking agents. In addition, the agents were selectively injected into a coronary artery to assist in delineating direct from indirect cardiovascular action. To further define the nature of the sympathetic efferent activity, studies were also done in adrenalectomized dogs.
METHODS
Under sodium pentobarbital anesthesia, thoracotomies were performed in 11 adult mongrel dogs with weights ranging from 15 to 37 kg. A Konigsberg Pl8 solid-state pressure transducer was implanted within the left ventricle near the apex, a Zepeda electromagnetic cuff-type flow probe was affixed around the ascending aorta, and polyvinyl catheters were inserted into the left jugular vein, left atria1 appendage, and the aorta via the left internal mammary artery (10). In two of the dogs, in addition to the instrumentation just described a Z-gauge catheter was inserted into the left circumflex coronary artery by the method of Herd and Barger (7).
Studies were begun 8-14 days after surgery, when vital signs were normal and no evidence of infection was present. The dogs lay prone in a sling, conscious and without premeditation. Recordings of left ventricular pressure, the first derivative of the left ventricular pressure, phasic and integral aortic flow, and mean left atria1 pressure were inscribed on a Beckman RM oscillograph and an Ampex FR 1300A magnetic tape recorder (8, 10). Left ventricular pressure was obtained from the solid-state transducer, which has a natural frequency in excess of 3,000 Hz. Sensitivity did not change during implantation, and correction for small amounts of dayto-day zero drift was made by assuming that, during resting controls, left ventricular end-diastolic pressure equaled mean left atria1 pressure, measured via the implanted catheter with a Statham P23Db manometer. 
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The left ventricular pressure was differentiated by an active resistance-capacitance network that decreased 3 decibels at 100 Hz. Aortic phasic flow was recorded with a Zepeda EDP2, square-wave, electromagnetic flowmeter. Flow at end-diastole was assumed to be zero and probes were calibrated in vitro prior to implantation. The frequency response of the flow signal was limited by the response of the recorder (flat within 10% from direct current to 80 Hz). Stroke volume was obtained by integration of the systolic portion of the aortic phasic flow signal with an active circuit. Aortic pressure was measured with a Statham P23Db transducer through the implanted catheter.
For the studies either thiopental sodium (10 mg/kg) or ketamine hydrochloride (4 mg/kg) were administered into the jugular vein catheter as a bolus. All hemodynamic parameters were recorded continuously, and high-speed records for analysis were acquired 30 s and 3 min after the drug was given. In general these were the points at which the maximum changes occurred. Two or three days later the other anesthetic agent was given in the same manner.
On two subsequent experimental days, following a 2-or S-day interval allowed for recovery, each drug was again given in the same dosage 20 min after the administration of propranolol, 1 mg/kg iv. At a later time, five dogs were given ketamine 10 min after administration of pentolinium, 1.5 mg/kg iv. Three dogs were given thiopental after premeditation with pentolinium.
Three dogs, previously given ketamine alone, were given ketamine again 3 min after administration of phentolamine, 0.25 mg/kg. Two dogs received thiopental with and without phentolamine.
In the two dogs with catheters chronically implanted in the left circumflex coronary artery, selective bolus injections of each anesthetic were made into the catheter. A dosage amounting to 15% of the intravenous dosage was used. In two dogs in which ketamine and thiopental had been given previously, bilateral surgical adrenalectomies were performed through a midline abdominal incision. Three to four days later, ketamine and, the next day, thiopental were readministered.
All hemodynamic data were obtained by averaging at least six consecutive beats to reduce alterations due to respiratory variation or atypical beats. Statistical analyses were performed by paired comparisons with the Student t test, so that each dog served as its own control.
RESULTS
Effects of thiopental and ketamine without autonomic blockade.
Hemodynamic changes due to thiopental alone are shown in Table 1 and to ketamine alone, in Table 2 in the same group of eight dogs. Heart rate rose with both drugs, but the increment was larger with ketamine.
Mean values at 3 min, when heart rate was maximal for both drugs, were 185 beats/min for ketamine and 147 beats/min for thiopental.
Stroke volume fell significantly by similar amounts with both drugs. Because of the difference in heart rates, cardiac output was significantly increased by ketamine, but was unchanged by thiopental. Left ventricular systolic pressure did not change significantly with thiopental.
Ketamine, however, was associated with significant mean rises of 23 mmHg at 30 s and 21 mmHg at 3 min. Left ventricular end-diastolic pressure was unchanged by either anesthetic. The maximum first derivative of the left ventricular pressure, dP/& max, was reduced by thiopental by 14% at 30 s and by 10% at 3 min. With ketamine there were no significant changes in dP/&, although most dogs exhibited a rise at 3 min.
Results during beta-adrene ic blockade. A group of five dogs were studied with both drugs after proprano-101. Figure 1 shows changes in heart rate. With thiopental alone, mean rise in the heart rate of 46 and 47 beats/ min occurred at 30 s and 3 min, respectively. Almost identical rises occurred when the same animals were restudied after propranolol. Changes in dP/& max with beta block are shown in Fig. 3 . With or without beta block, thiopental was associated with significant decreases in dP/& max at both 30 s and 3 min. With ketamine alone, there was no significant change at 30 s, but, in these five dogs, a significant rise (P c 0.05) at 3 min. However, with beta block, ketamine was associated with a significant (P < 0. The mean increases at 30 s were 30 mmHg (P < 0.01) with ketamine plus beta block.
Results during alpha-adrenergic blockade. With ketamine alone, mean aortic pressure and systemic vascular resistance, calculated as mean aortic pressure divided by cardiac output, were measured in five dogs. Mean aortic pressure rose from 102 t 7 control to 131 t 11 at both 30 s (P < 0.01) and 3 min (P < 0.05). and 3 min after ketamine, respectively. In three of these dogs ketamine was readministered after pretreatment with phentolamine.
Mean arterial pressure fell in all three after phentolamine, primarily because of a fall in systemic vascular resistance.
However, the response to ketamine closely resembled the response without phentolamine: arterial pressure rose because of augmentation in cardiac output, but systemic resistance was unchanged or rose only slightly.
Mean systemic resistances were 60 t 14 mmHg/beat per min control, 41 t 10 after phentolamine, 46 t 12 at 30 s after ketamine, and 42 t 12 at 3 min after ketamine.
Mean arterial pressure was measured in five dogs after thiopental.
Mean values were 95 t 6, 112 -t 5, 108 t 6 for control, 30 s after thiopental, and 3 min after thiopental, respectively; although the mean arterial pressure in four of the five dogs increased after thiopental, the change was not statistically significant. Systemic resistance was not significantly altered: 42 t 9 control, 43 t 8 at 30 s, and 42 t 9 at 3 min. Phentolamine was given to two of these dogs. One did not change in mean aortic pressure or resistance with thiopental, but in the other both rose.
Results during ganglionic blockade. In four dogs that were premeditated with pentolinium, ketamine did not change mean heart rate (162 t 11 beats/min before ketamine vs. 159 t 10 and 160 ~fi: 10 at 30 s, and 3 min after ketamine, respectively) or stroke volume (16.5 t 3.2 ml before ketamine vs. 15.5 t 2.4 and 15.6 t 2.4 at 30 s and 3 min). After ketamine dP/dt fell by 11% at 30 s (-300 mmHg, P < 0.05), but was not significantly reduced from the control level at 3 min after ketamine. Left ventricular systolic and end-diastolic pressures were not altered by ketamine.
In three dogs that were given thiopental after pentolinium, there were no consistent changes in heart rate, stroke volume, or left ventricular systolic or end-diastolic pressures.
However, dP/d.t max fell in all three dogs at both 30 s and 3 min after the thiopental was given. The mean decreases were 13% at 30 s and 7% at 3 min.
Effect of selective injection of anesthetics into a coronary artery. The results of selective injection of 15% of the intravenous dose of ketamine and thiopental into the left circumflex coronary artery are shown in Table 3 . It was determined initially that this dosage of anesthetic injected intravenously had no effect on these TABLE 3. Selective injection of thiopental and ketamine into a coronary artery measurements. Saline injected into the catheter also had no effect. Injection of a small dose of isoproterenol into the coronary catheters increased dP/dt max whereas the same dose intravenously did not. Measurements were taken at 25 s rather than at 30 s because of the shorter circulation time. Thiopental appeared to have very little or no effect when injected selectively into the heart, except that in one dog there was a rise in left ventricular end-diastolic pressure. However, when ketamine was injected into the heart there was a slight fall in dP/dt max and increase in left ventricular enddiastolic pressure in both dogs.
Effect of adrenalectomy. In two dogs ketamine and thiopental were given before and after bilateral surgical adrenalectomy. Resting heart rate, mean and peak aortic pressures, and dP/dt max were reduced by adrenalectomy. In both dogs the changes in cardiac output and mean or peak aortic pressures in response to ketamine were not altered by adrenalectomy. In one the ketamine-induced changes in heart rate and dP/dt max were not altered by adrenalectomy, while in the other the increase in heart rate was attenuated by 50% and a previous rise in dP/dt max was abolished after adrenalectomy.
The increase in heart rate with thiopental was attenuated by adrenalectomy. The response in dP/dt max to thiopental was not altered in one dog, but there was a greater reduction in the other after adrenalectomy.
DISCUSSION
Previous studies of the hemodynamic effects of anesthetic agents have often ignored the role of the autonomic nervous system in the responses noted. There has been no conclusive evidence as to whether barbiturates evoke sympathetic nervous system responses. Increased sympathetic stimulation of the heart has been noted with ketamine (lo), but whether this is due to a generalized sympathetic discharge, to adrenal catecholamine release, to selective stimulation of cardiac sympathetic nerves, or to direct stimulation of beta-adrenergic receptors by the drug itself has not been clarified previously.
When administered alone, both thiopental and ketamine increased heart rate, but the magnitude of the tachycardia was greater with ketamine. The most striking difference between the two drugs was the effect on dP/dt max, which decreased with thiopental but was not altered significantly by ketamine. However, after pretreatment with propranolol, dP/dt max was reduced by ketamine as well as by thiopental. The magnitude of the increase in heart rate due to ketamine was markedly reduced by propranolol, whereas the increase in heart rate due to thiopental was not altered. These findings suggest that ketamine is associated with a substantial increase in beta-adrenergic stimulation, but that thiopental is not.
Blockade with alpha receptors provided evidence that alpha stimulation was not a prominent feature when ketamine was administered. In addition there was no effect of alpha blockade on changes in systemic resistance or arterial pressure due to thiopental.
Pentolinium was administered with ketamine to ascertain whether the drug directly stimulates adrenergic Abbreviations are as in Table 1 . receptors or whether increased activity in sympathetic nerves or release of catecholamines accounts for the changes. The absence of significant changes in heart rate and a fall in dP/dt max, similar to that which occurred with propranolol, are evidence that ketamine does not directly interact with beta receptors, but that it increases activity of sympathetic nerves or the adrenal gland. The reduction in contractile force due to thiopental persisted after pentolinium although other effects due to pentolinium were inconsistent. The data resulting from selective injection of each anesthetic into the heart must be interpreted cautiously. The entire organ is not perfused and it is conceivable that the response is altered because of this. Ketamine injected into the heart resulted in transient decreases in dP/& max without much effect on heart rate. This finding would support the thesis that ketamine has a direct myocardial depressant action but that it simultaneously increases sympathetic activity. The high sympathetic tone apparently masks the myocardial depression.
The results with thiopental are more difficult to explain. There was little evidence of myocardial depression with the coronary injection. It seems unlikely that some element of direct depression is not present with this drug and the finding that dP/dt max did not fall may be attributable to the fact that less than 50% of the left ventricular myocardium was perfused by the drug. Another potential factor is the possibility that uptake of each drug by the myocardium during a single passage of a bolus may vary. For example, if ketamine enters myocardial cells more quickly than thiopental, depression may be demonstrable only with this drug. The most likely overall explanation of our results is that both thiopental and ketamine exert direct mild myocardial depressive actions and that this effect is more apparent with thiopental, which does not increase sympathetic nervous system activity, then with ketamine, which does. The depression with thiopental did appear to be more prolonged than was the case with ketamine, where the effect was only present over the first 2 min. The results with adrenalectomy are interpreted as suggestive evidence that most of the sympathetic effects with ketamine occur primarily through stimulation of cardiac sympathetic nerves and selective release of cardiac catecholamines rather than through a generalized increase in sympathetic activity. However, the adrenal medulla may in part contribute to adrenergically mediated effects. A central nervous system action of ketamine probably is the cause of the increased sympathetic nerve activity. 
